Many different Gram-negative bacteria have been shown to be present on cheese rinds. Their contribution to cheese ripening is however, only partially understood until now. Here, cheese rind samples were taken from Vorarlberger Bergkäse (VB), an artisanal hard washed-rind cheese from Austria. Ripening cellars of two cheese production facilities in Austria were sampled at the day of production and after 14, 30, 90 and 160 days of ripening. To obtain insights into the possible contribution of Advenella, Psychrobacter, and Psychroflexus to cheese ripening, we sequenced and analyzed the genomes of one strain of each genus isolated from VB cheese rinds. Additionally, quantitative PCRs (qPCRs) were performed to follow the abundance of Advenella, Psychrobacter, and Psychroflexus on VB rinds during ripening in both facilities. qPCR results showed that Psychrobacter was most abundant on cheese rinds and the abundance of Advenella decreased throughout the first month of ripening and increased significantly after 30 days of ripening (p<0.01). Psychrobacter and Psychroflexus increased significantly during the first 30 ripening days (p<0.01), and decreased to their initial abundance during the rest of the ripening time (p<0.05). Genome sequencing resulted in 17 to 27 contigs with assembly sizes of 2.7 Mbp for Psychroflexus, 3 Mbp for Psychrobacter, and 4.3 Mbp for Advenella. Our results reveal that each genome harbors enzymes shown to be important for cheese ripening in other bacteria such as: Cystathionine/Methionine beta or gamma-Lyases, many proteases and peptidases (including proline iminopeptidases), aminotransferases, and lipases. Thus, all three isolates have the potential to contribute positively to cheese ripening. In conclusion, the three species quantified were stable community members throughout the ripening process and their abundance on cheese rinds together with the results from genome sequencing suggest an important contribution of these bacteria to cheese ripening. Abundance and potential contribution of Gram-negative cheese rind bacteria from Austrian artisanal hard cheeses." International journal of food microbiology 266 (2018): 95-103.
Introduction

42
Cheese production is a way to use microbial fermentation to convert perishable milk into less-43 perishable products. Microbes are essential for cheese production and the earliest documented 44 usages of cheese production date back to 5000 BC (Salque et al., 2013) . Nowadays, cheeses are 45 produced in many different ways, with different microbes being involved in different steps of 46 cheese production. Some cheese varieties are characterized by long ripening times during which a surface microbiota establishes which contributes significantly to ripening including flavor 48 formation and texture. These cheese rind microbial communities can either be inoculated 49 artificially with surface ripening cultures during the manufacturing process as done for many soft 50 cheeses such as Munster or Camembert or establish themselves independently from the microbial 51 communities present in the ripening cellar during the ripening process (Irlinger et al., 2015;  52 Monnet et al., 2015) . Although a number of recent studies have described microbial communities 53 on cheese rinds (Coton et al., 2012; Delcenserie et al., 2014; Dugat-Bony et al., 2016;  O'Sullivan 2.5.2. qPCR analysis of 16S rRNA genes 145 To determine abundance differences between cellars from the two dairy production plants as well 146 as shifts in the absolute abundance at different time points along the ripening process, the levels 147 of total bacteria and of Advenella, Psychrobacter and Psychroflexus, for which we determined also 148 the genome sequences, were quantified with qPCR. The 16S rRNA gene PCR quantification of 149 total bacterial communities in cheese rind samples followed protocols described in Metzler-Zebeli 150 et al. (2013) . Briefly, DNA samples were assayed in duplicate in a 20 μL reaction mixture 151 containing 10 μL of 2 × Brilliant III Ultra-Fast SYBR Green qPCR Master Mix (Agilent, Vienna, 152 Austria), 2 μL of each primer (10 μM), 5 μL nuclease-free water, and 1 μL DNA template. 153 Amplification was conducted with 1 cycle at 95°C for 3 min and 40 cycles of 95°C for 5 s, followed 154 by 20 s at 61°C for total bacteria. Primers were designed with Primer 3 (Untergasser et al., 2012) to amplify a 196 bp, 265 bp, and 160 bp target region of the 16S rRNA genes of Advenella, sequences of their respective target organisms. qPCR conditions and primers were optimized to 167 obtain high PCR amplification efficiency of the target included in the qPCR assay as described in after initial denaturation at 94°C for two min, followed by 45 cycles of 94°C for 30 sec, 60°C for one min. Values for limits of quantifications and limits of detection are shown in Supplementary The qPCR data (BCE per 0.5 g cheese rind) were analysed and compared using R (version 3.2.5, 200 psych package 1.6.12). The dataset was divided into 40 different subsets based on the location (A, B), target (total bacteria, Advenella, Psychrobacter, Psychroflexus) and days of ripening (0, 14, 202 30, 90 and 160). Because the Shapiro-Wilk test showed normal distribution only for 13 of the 40 203 subsets, all subsets were described by Median and interquartile ranges (IQR). Furthermore, the 204 Wilcoxon Signed-Rank test was used to determine statistical differences between subsets with the 205 same location and same target based on days of ripening. 
3.1.qPCR results
209
To determine the abundance of Advenella, Psychrobacter and Psychroflexus on VB cheese rinds 210 during the ripening process, qPCR assays were performed. Interestingly, all three bacteria were 211 already found in relatively high BCEs already at the first day of cheese production ( Figure 1 Table 3 ), suggesting that these bacteria were present in the raw milk used for 213 cheese production. Psychrobacter has been found in raw cow milk before (Kable et al., 2016; 214 Quigley et al., 2013) ; to the best of our knowledge, no data on the presence of Psychroflexus and 215 Advenella in milk are currently available. In general, the most pronounced differences in 216 abundance were found during the first 30 ripening days ( Supplementary Tables 3 and 4 ). The 16S 217 rRNA gene copy numbers of total bacteria decreased from 1.8+10 to 4.5e+08 for A, and from Psychrobacter and -to a lesser degree -Advenella and Psychroflexus are abundant during ripening 227 of VB and that these changes in abundance may reflect important adaptations in community 228 composition during cheese ripening as these differences were consistently found within a single 229 ripening cellar and also in two different dairy plants. It is interesting to note that the significant 230 abundance increase of Advenella after day 30 (for plant A already after 14 days) suggests that Psychroflexus have been detected in cheese rinds in a number of previous studies using cultivation 
Isolation of cheese rind bacteria from VB
243
The contribution of Gram-negative bacteria to cheese ripening is currently still largely unknown.
244
To obtain cheese rind bacteria isolates which can be used for functional characterization such as 245 genome sequencing, we performed a cultivation approach focusing mainly on Gram-negative 246 bacteria yielding a total number of 143 isolates. Based on 16S rRNA gene sequence similarities, 247 these isolates belonged to 16 genera (data not shown). Out of the isolates, eight were identified as Psychrobacter, eight as Advenella and six as Psychroflexus. From each of these genera, one strain 249 was selected for whole genome sequencing. Advenella S44 was isolated from three month old 250 cheese rinds using PCA containing 0% NaCl, Psychroflexus S27 and Psychrobacter L7 were 251 isolated from two week old cheese samples on PCA containing 5% NaCl. VB produced at the same cheese production plants (Schornsteiner et al., 2014) using BLASTn.
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The comparison showed high similarities between the isolates and the clones (OTUs) from our 257 previous study: 99.1%, (OTU5) for Advenella S44, 99.6% (OTU42) for Psychroflexus S27, and 258 98.3% (OTU9) for Psychrobacter L7. Advenella strains such as pMIM24 and pBTK445, which are involved in biodegradation. The S44 268 plasmid contigs contain multiple putative toxin-antitoxin systems, magnesium, ornithine, as well 269 as uncharacterized transporters, and ornithine and tartrate decarboxylases. All Advenella strains 270 used for comparison in this study, share more than 99% 16S rRNA gene similarity (Table 2) . However, the genomes share only moderate average nucleotide identity (ANI, <84%), Advenella 272 S44 shares highest ANI with the cheese isolate Advenella 3TF5 (84.3%). The different Advenella 273 strains in this study thus belong to different species based on the ANI being lower than 95% (Chun 274 and Rainey, 2014; Thompson et al., 2013) . , 1956; Mikulec et al., 2013) . Advenella S44 encodes two proline iminopeptidases (EC 285 3.4.11.5) and a Xaa-Pro aminopeptidase (prolidase, PepQ, EC 3.4.11.9) to release proline from 286 casein. Proline iminopeptidases and prolidases have been shown to be important for proteolysis 287 during cheese production (Gobbetti et al., 2001; Morel et al., 1999; Smacchi et al., 1999) . In 288 addition, the Advenella S44 genome harbors also a bifunctional proline dehydrogenase encoded 289 by the putA gene (EC 1.5.99.8 and 1.5.1.12) which converts proline to glutamate. Glutamate is 290 another abundant amino acid in casein and many cheeses (Abellán et al., 2012; Mikulec et al., 291 2013; Møller et al., 2013) . Advenella S44 can utilize glutamate by three GltLKJI transporters for 292 glutamate import and by two glutamate dehydrogenases (EC 1.4.1.2 and 1.4.1.4).
Aminotransferases are responsible for amino acid transamination reactions which are key steps in 294 the conversion of amino acids into their corresponding alpha-keto acids and to aroma compounds. 295 Various aminotransferases have been characterized in cheese bacteria such as (i) aromatic amino 296 acid transferases (EC 2.6.1.57), (ii) aspartate aminotransferases (EC 2.6.1.1), (iii) branched-chain 297 amino acid transferases (EC 2.6.1.42), and (iv) methionine aminotransferases (EC 2.6.1.88) 298 (Bonnarme et al., 2000; Liu et al., 2008; Rijnen et al., 1999; Yvon et al., 2000; Yvon and Rijnen, 299 2001). The Advenella S44 genome encodes -among others -two putative methionine, two 300 aspartate and one branched-chain and aromatic amino acid aminotransferase.
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Some Advenella strains were formerly classified as Tetrathiobacter and have been found in a 302 variety of habitats including soil, sewage, compost and sediments and humans; various Advenella 303 strains have the capability to degrade different organic pollutants (Gibello et al., 2009; Wubbeler 304 et al., 2014) . In addition to this, Advenella strains have also been found on cheese rinds before 305 (Coton et al., 2012) and also on VB in our previous study (Schornsteiner et al., 2014) . Although 306 the five Advenella genomes analyzed in this study derive from isolates from different environments 307 including two strains from cheese (S44 and 3TF) and three environmental strains, enzymes which 308 have been shown to be important for cheese ripening are highly conserved in all Advenella strains 309 analyzed here. This suggests that many Advenella strains may have the potential to contribute to 310 cheese ripening if present in a suitable environment such as a ripening cellar or other areas in a 311 cheese production plant. Based on the genome data from our study, a contribution on Advenella to 312 flavor production due to the presence of at least two copies of CBL and of proline iminopeptidases 313 is conceivable. More detailed comparative genome analyses using more genome sequences from 314 both environmental and cheese isolates and experimental verification will be necessary to verify 315 this hypothesis.
Psychrobacter
Members of the genus Psychrobacter have been detected in diverse habitats including animals, 340 humans, cold marine and terrestrial environments and also in food and food production 341 environments (Bakermans et al., 2006; Jung et al., 2005; Lee et al., 2016; Yoon et al., 2005) . In 342 spite of the described variability in genome size and other features, the ability of Psychrobacter 343 strains to being able to contribute to cheese ripening seems to be present in most Psychrobacter showing 66% to 87% amino acid identity to their characterized homologs (Kulakova et al., 2004;  ripening is currently unknown. The genome data presented here thus provide additional evidence 366 for a likely positive contribution of Psychrobacter strains to cheese ripening which is supported 367 by our observation that Psychrobacter L7 has lipolytic and proteolytic activity (data not shown). (Table 4 ). This variability in genome sizes might 373 be attributed to a high level of species-specific genes and to large genomic regions with no 374 significant nucleotide similarity (Feng et al., 2014) . In line with this, Psychroflexus genomes share 375 only relatively low levels of ANI of approx. 68%. Only the two cheese Psychroflexus isolate 376 genomes show high 16S rRNA similarity (99.1%) and high ANI (93.9%) to each other. Based on 377 ANI, the two cheese Psychroflexus isolates might belong to different species because their ANI is 378 lower than 95% (Chun and Rainey, 2014; Thompson et al., 2013) . In addition, also the average 379 amino acid identity between these two bacteria, which share 2209 proteins, is 93.5% and also 380 indicative of different species. The Psychroflexus genomes harbor a methionine transporter and 381 one methionine aminopeptidase (EC 3.4.11.18 (EC 2.6.1.1) and one branched-chain amino acid transferase (EC 2.6.1.42).
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All analyzed Psychroflexus genomes encode a gene cluster predicted to be responsible for 398 carotenoid production. Yellow to orange to red pigmentation has been described for other 
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